Objective-Laminar flow activates myocyte enhancer factor 2 (MEF2) transcription factors in vitro to induce expression of atheroprotective genes in the endothelium. Here we sought to establish the role of Mef2c in the vascular endothelium in vivo. Approach and Results-To study endothelial Mef2c, we generated endothelial-specific deletion of Mef2c using Tie2-Cre or Cdh5-Cre-ER T2 and examined aortas and carotid arteries by en face immunofluorescence. We observed enhanced actin stress fiber formation in the Mef2c-deleted thoracic aortic endothelium (laminar flow region), similar to those observed in normal aortic inner curvature (disturbed flow region). Furthermore, Mef2c deletion resulted in the de novo formation of subendothelial intimal cells expressing markers of differentiated smooth muscle in the thoracic aortas and carotids. Lineage tracing showed that these cells were not of endothelial origin. To define early events in intimal development, we induced endothelial deletion of Mef2c and examined aortas at 4 and 12 weeks postinduction. The number of intimal cell clusters increased from 4 to 12 weeks, but the number of cells within a cluster peaked at 2 cells in both cases, suggesting ongoing migration but minimal proliferation. Moreover, we identified cells extending from the media through fenestrations in the internal elastic lamina into the intima, indicating transfenestral smooth muscle migration. Similar transfenestral migration was observed in wild-type carotid arteries ligated to induce neointimal formation. Conclusions-These results indicate that endothelial Mef2c regulates the endothelial actin cytoskeleton and inhibits smooth muscle cell migration into the intima. Visual Overview-An online visual overview is available for this article. 
M
igration of smooth muscle (SM) into the subendothelial intima is an essential process in vascular development and disease. [1] [2] [3] [4] Although the endothelium is an important regulator of SM migration with many identified components, 5 our understanding of how the endothelium regulates migration is incomplete. Humans have extensive preexisting intimal SM (ISM) in which atherosclerotic lesions develop. [2] [3] [4] This ISM arises during fetal development at branch points and progresses to the extent that the intima is thicker than the media in adult coronary arteries. 4 Locations where ISM formation initiates are subjected to disturbed flow (DF), suggesting a link between DF and ISM that is supported by experimental models of neointima formation. [6] [7] [8] These DF regions are also where lesions develop in human atherosclerosis and animal models. 3, 9 Although the role of hemodynamics in atherosclerosis is well established, how flow dynamics are sensed and transduced to induce ISM formation is not fully understood. Moreover, it is not clear to what extent DF actively induces ISM formation or laminar flow (LF) actively represses formation.
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DF and LF activate many distinct pathways in endothelial cells (ECs) to modulate transcription factor activity, resulting in either an atheroprone or atheroprotective phenotype, respectively. 10, 11 One such transcription factor family regulated by hemodynamics is the myocyte enhancer factor 2 (Mef2) family. The 4 Mef2s (Mef2a-d) are important transcriptional regulators in several cell types that can activate or repress transcription depending on modifications and interacting partners. [12] [13] [14] The most studied in vitro targets for Mef2 in ECs are Klf2 (kruppel-like factor-2) and Klf4, which regulate an antithrombotic and anti-inflammatory transcriptional program. [15] [16] [17] [18] [19] [20] [21] Two stimuli that protect against atherosclerosis increase the ability of Mef2 to activate transcription in vitro: LF and statins. LF activates through Erk5 (extracellular-signal-regulated kinase-5), which phosphorylates Mef2s to increase transcriptional activity and that physically interacts to function as a transcriptional coactivator. 16, 22 LF also activates calcium-dependent phosphorylation of class II histone deacetylases, causing their nuclear export and reducing Mef2 interaction, resulting in transcriptional derepression. 23, 24 Statins activate Mef2 in ECs through ERK5 (extracellular-signal-regulated kinase-5) activation 25 and RhoA inhibition. 19 Pitavastatin induction of Klf4 requires Mef2a, -c, and -d, suggesting functional redundancy of these factors. 26 In contrast to LF, DF represses Mef2 activity. One mechanism is by DF increasing the amount and nuclear localization of class II histone deacetylases. 23, 24 Another is by inducing CpG (cytosine guanine dinucleotide) methylation, which reduces Mef2 binding to the Klf4 promoter. 27 These in vitro studies point toward a central role for Mef2-dependent transcription in the transduction of flow dynamics in vascular endothelium; however, in vivo studies have been limited.
In vivo experiments supporting a role for Mef2 in the endothelium have been restricted to the retinal vasculature and developing embryo. 15, 28, 29 These experiments show that Mef2c is important for protection to hyperoxia and pathological angiogenesis, partly through Hmox1 (heme oxygenase-1) regulation. 28 They further revealed a protective role for Mef2c in inflammation in that lipopolysaccharide-induced leukocyte adhesion in retinal vessels is increased in Mef2c-deleted endothelium. 15 While deletion of Mef2c alone did not affect angiogenesis, combined endothelial-specific deletion of Mef2a and -c revealed that they regulate angiogenic sprouting and are direct transcriptional regulators of Dll4 (delta-like 4) in angiogenic tip cells. 29 Here we investigated the endothelial functions of Mef2c in LF regions. Endothelial-specific Mef2c deletion resulted in marked changes in the endothelial actin cytoskeleton and SM migration. This ISM migration was through pores in the internal elastic lamina that are of the same size and shape as preexisting fenestrations. Transfenestral migration of SM to populate the intima was also induced by artery flow cessation after complete carotid ligation. Our results suggest that endogenous Mef2c activity regulates the EC actin cytoskeleton and provide new in vivo evidence that endothelial MEF2 is a key transducer of flow dynamics regulating underlying medial SM migration and accumulation in the neointima.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Mef2c Regulates In Vitro Actin Stress Fiber Formation Through a Rho-Associated Protein Kinase-Dependent Pathway
We used siRNA-directed knockdown of Mef2a, c, or -d (the major forms in ECs) to examine their individual roles in the integrity of a mature human dermal microvascular EC (HDMEC) monolayer by electric cell-substrate impedance sensing. 30 This showed that Mef2c knockdown reduced barrier function ( Figure 1A ) but knockdown of Mef2a or -d did not ( Figure IC and ID in the online-only Data Supplement). Examination of these cells by immunofluorescence revealed that Mef2c knockdown caused an increase in actin stress fibers (ASF) and disruption of endothelial junctions as indicated by discontinuous ZO-1 (zonula occludens-1) staining ( Figure 1B) . Mef2a or -d knockdown had no effect on cytoskeletal organization or junctional integrity ( Figure IE in the online-only Data Supplement). Because of the wellestablished role of regulatory myosin light chain (MLC) phosphorylation in stress fiber formation, we examined its phosphorylation state by Western blotting and found that Mef2c knockdown increased MLC phosphorylation ( Figure 1C and 1D) . Because Rho-associated protein kinase (ROCK) regulates MLC phosphorylation, we tested the ROCK inhibitor, Y-27632, and found that it blocked MLC phosphorylation and ASF formation; however, the endothelial junctions were still disrupted ( Figure 1E ). These data indicate that Mef2c regulates the endothelial cytoskeleton by a ROCK-dependent pathway but junctional integrity through a ROCK-independent pathway.
Endothelial-Specific Deletion of Mef2c Induces ASFs in Aortic Endothelium but No Change in Basal Barrier Function
Two endothelial-specific Cre lines were used to delete Mef2c to test its function in vivo: Tie2-Cre for deletion early in vascular development and Cdh5-Cre-ER T2 for tamoxifen-induced endothelial-specific deletion. 31 Deletions with Tie2-Cre are denoted as Mef2c Tie2EKO , and deletions with Cdh5-Cre-ER T2 are denoted as Mef2c Cdh5EKO . We have reported use of both these lines previously. 28, 29 To assay the extent of deletion, we isolated RNA directly from aortic ECs by passing TRIzol through the lumen of the thoracic aorta and performed reverse transcriptase quantitative polymerase chain reaction to the targeted exon. 32 Mef2c was substantially deleted in Mef2c Tie2EKO and Mef2c Cdh5EKO without affecting expression of Mef2a or Mef2d. Mef2b expression was too low to accurately quantify. We then performed en face immunofluorescence on the aortas of Mef2c-deleted mice to investigate the consequences of Mef2c deletion on endothelial junctions and cytoskeleton. This showed normal organization of the junctions but enhanced ASFs with deletion of Mef2c either developmentally (Mef2c Tie2EKO ; Figure 2A ) or 2 weeks prior to analysis (Mef2c Cdh5EKO ; Figure 2B ). To examine ASFs further, en face immunofluorescence was performed with antibodies to phospho-MLC ( Figure 2C ) and activated focal adhesion kinase (pY397-FAK; Figure III in the online-only Data Supplement). These showed increased phospho-MLC and pY397-FAK with deletion of Mef2c. By comparison, the aortic inner curvature, which experiences DF, has a similar increase in pY397-FAK but even more enhanced ASF and partial junctional disruption ( Figure III in the online-only Data Supplement). Because in vitro knockdown and in vivo deletion of Mef2c caused similar ASF formation and enhanced MLC phosphorylation, we compared permeability in Mef2c Tie2EKO and control aortas using Evan's blue autofluorescence. While permeability was higher in the inner curvature than in the thoracic aortas of both, it was unchanged by deletion of Mef2c ( Figure IV in the online-only Data Supplement). Taken together, these data indicate that Mef2 regulates the actin cytoskeleton in the endothelium, possibly through phosphorylation and activation of FAK and MLC.
Endothelial-Specific Deletion of Mef2c Produced F-Actin-Rich Cells Between the Endothelium and Internal Elastic Lamina
We anticipated other possible roles for Mef2c in endothelial functions that differ between LF and DF regions of the vasculature, such as regulation of SM migration and proliferation. Our initial indication of a role was the observation Figure 1 . siRNA-mediated myocyte enhancer factor 2c (Mef2c) knockdown in human dermal microvascular endothelial cells (HDMECs) lead to junction disassembly and Rho-associated protein kinase (ROCK)-dependent stress fiber formation. A, HDMECs were treated with siRNA to MEF2C (#1 and #2) or nontargeting sequence (siNTS) at the time of seeding. Monolayers were allowed to mature for 24 hours before the electric resistance was measured by ECIS (electric cell-substrate impedance sensing) at 4000 Hz (n=3 independent experiments with duplicates). Results are presented as mean±SEM, and the value recorded at 120 hours were used to perform 1-way analysis of variance (ANOVA) analysis with Dunnett test to correction for multiple comparison (**P≤0.01; ****P≤0.0001 when compared with siNTS). B, siRNA-transfected HDMECs were fixed 72 hours post-transfection and subsequently stained for VE-cadherin (VE-Cad), zonula occludens-1 (ZO-1), F-actin (phalloidin), and nuclei (DAPI [4',6-diamidino-2-phenylindole]). Representative of 2 independent siRNA sequences to MEF2C (n=3 independent experiments). C, Representative Western blot of HDMEC lysates 72 hours after siRNA transfection for myosin light chain (MLC) and its di-phosphorylation (p-MLC). D, Densitometric quantification for MLC and p-MLC from the Western blots in C; the relative p-MLC levels were normalized to that of MLC (n=3 independent experiments; *P<0.05; **P<0.01 when compared with siNTS). E, HDMECs were treated with siRNA to Mef2c as described, and Y27632 or DMSO were added at 48 hours. Samples were subsequently fixed at 72 hours post-transfection and stained for VE-cadherin, p-MLC, and F-actin (phalloidin). Representative of the siRNA mixture to Mef2c (n=3 independent experiments).
of F-actin-rich clusters of cells located between the endothelium and the internal elastic lamina in the LF region of the Mef2c
Tie2EKO thoracic aortas ( Figure 3A and 3E) and carotid arteries ( Figure 3B ) that were not found in control arteries ( Figure 3A through 3C ). These cells were aligned longitudinally in the aorta in the same direction as flow and not circumferentially as the innermost medial SM cells ( Figure 3E) . A similar layer of F-actin-rich cells was observed in the inner curvature of the aorta in both Mef2c
Tie2EKO and control mice ( Figure 3A) , as well as at branches into the intercostal arteries ( Figure 5 ).
Because these intimal cells were in isolated groups, we speculated that they were clones of cells that would increase in size with age. To examine this, we isolated thoracic aortas from 10-to 69-week-old Mef2c
Tie2EKO mice and measured intimal coverage by en face immunofluorescence. The total area covered by F-actin-rich cells ranged ≤56% but averaged ≈24% for all ages combined ( Figure 3F ). Contrary to expectations, the average was not significantly different between age groups (Figure V in the online-only Data Supplement), suggesting that stasis is reached by 10 weeks of age. In this restricted growth, they are similar to the intimal cells of DF regions that also do not expand to form an extensive SM intima.
Intimal F-Actin-Rich Cells Are Not of Endothelial or Hematopoietic Origin, Express SM Markers, and Resemble Intimal SM Cells Located in DF Regions
To determine whether these intimal cells are SM, we performed immunofluorescence on en face and frozen sections with the SM markers, Acta2 (smooth muscle alpha actin-2) and Myh11 (myosin heavy chain-11), and S100a4 (S100 calcium binding protein A4), which is expressed in neointimal SM cells and ECs Endothelial myocyte enhancer factor 2c (Mef2c) deletion leads to MLC phosphorylation and actin stress fiber formation in the thoracic aorta. En face preparation and immunostaining were performed on the thoracic aorta as described in Methods. A and B, thoracic aortas from Mef2c
Tie2EKO and control Mef2c
WT mice were immunostained for PECAM-1 (platelet and endothelial cell adhesion molecule-1), F-actin (phalloidin), and nuclei (DAPI [4',6-diamidino-2-phenylindole]).
B, Mef2c
Cdh5EKO (14-days post-tamoxifen) and vehicle control were immunostained for VE-cadherin, F-actin (phalloidin), and nuclei (DAPI); C, thoracic aortas from Mef2c Tie2EKO and Mef2c
WT control were immunostained for VE-cadherin, p-MLC, and F-actin (phalloidin). Representative confocal images are shown (n=4).
undergoing endothelial to mesenchymal transition. 33, 34 In both the aortic inner curvature of control mice and thoracic aortas of Mef2c Tie2EKO mice, F-actin rich cells coexpressed all 3 SM markers ( Figure 4A through 4C) . Interestingly, the intensity of immunofluorescence with Acta2 (smooth muscle alpha actin-2) and Myh11 was similar in intimal and medial cells, but S100a4 (S100 calcium binding protein A4) was considerably higher in intimal cells, as previously reported in human and porcine intimal cells (Figure VI in the online-only Data Supplement). 33 Thus, we conclude that the intimal cells located in regions of DF and in regions of LF in the Mef2c
Tie2EKO are SM cells, the source of which could be endothelial (by endothelial to mesenchymal transition), hematopoietic, medial vascular SM, or even adventitial progenitors.
Because Mef2c was deleted in the endothelium and it is in the pathway involved in cerebral cavernous malformations, 35 which has aspects of endothelial to mesenchymal transition, we investigated this possibility through lineage tracing. For this, we bred Tie2Cre;Mef2c F/F mice to a cre reporter, Gt(ROSA) 26Sortm9(CAG-tdTomato)Hze , to mark all progeny of cells that expressed Tie2Cre with tdTomato. This marks all cells derived from Tie2Cre expressing cells in the endothelium and a large percentage of hematopoietic cells. 36 As expected, PECAM-1 (platelet and endothelial cell adhesion molecule-1)-positive ECs of the inner curvature of the aortic arch and descending thoracic aorta were tdTomato positive ( Figure 4D ), indicating the expected deletion in ECs. While extremely rare tdTomatopositive cells were observed in medial and ISM cells, possibly from low-level leakiness of the cre, most of the intimal cells in the thoracic aorta, inner curvature, and branch points were tdTomato negative ( Figure 4E ). From these data, we conclude that ISM cells produced by endothelial-specific deletion of Mef2c and during normal intimal formation in DF regions are not of endothelial or hematopoietic origin.
BMP4 and EIIIA-FN Are Induced in Regions of DF and Overlying ISM in Mef2c
Tie2Cre Mice
To explore further the correlation between the properties of the endothelium deleted of Mef2c with the endothelium in DF regions of control mice, we examined expression by en face immunofluorescence of 2 proteins that are expressed in DF regions, BMP4 (bone morphogenetic protein-4) and the EIIIA-containing splice variant of fibronectin (EIIIA-FN). BMP4 is expressed over atherosclerotic lesions in human coronaries and is highly expressed in the endothelium of DF but not LF regions of the vasculature. 37, 38 As expected from previous reports, 37, 38 we observed expression of BMP4 in the control endothelium of the aortic inner curvature and at branch points of the intercostal vessels in the thoracic aorta 
. F-actin-rich cell clusters develop in Mef2c
Tie2EKO between the endothelium and the internal elastic lamina. The thoracic and inner curvature of aortas (A) or carotids (B) from Mef2c
WT and Mef2c Tie2EKO mice were subjected to en face preparation and labeled for elastin (hydrazide), F-actin (phalloidin), nuclei (DAPI [4',6-diamidino-2-phenylindole]), and PECAM-1 (platelet and endothelial cell adhesion molecule-1). Y-plane confocal images revealed F-actin-rich cells between the endothelium and the internal elastic lamina (n=3). C-E, The extent of F-actin-rich cell coverage was investigated in en face images with PECAM-1, F-actin (phalloidin), and nuclei (DAPI) labeling of Mef2c WT thoracic aorta (C), inner curvature of Mef2c WT aorta (D), and Mef2c Tie2EKO thoracic aorta (E). Representative slice of a z-stack confocal image is shown encompassing the endothelium and the actin-rich intimal cell clusters, with the corresponding x plane and y plane. ( Figure 5A ). Remarkably, although BMP4 was not expressed in Mef2c
Tie2Cre endothelium of thoracic aortas normally, it was induced over sites with ISM ( Figure 5A ). The EIIIA splice form of fibronectin is induced in the endothelium by DF caused by partial carotid ligation and protects against subendothelial hemorrhage. 39 We found that EIIIA-FN was expressed in the inner curvature of control aortas, as predicted by induction through DF, and in Mef2c
Tie2Cre endothelium, but only in ECs with subjacent ISM ( Figure 5B ). These data indicate that endothelial deletion of Mef2c alone does not induce BMP4 or EIIIA-FN but that interaction between the endothelium and ISM recapitulates the induction that normally arises in DF regions of the vasculature.
Endothelial Mef2c Regulates Transfenestral Migration of SM Cells
ISM in Mef2c
Tie2EKO aortas was usually composed of isolated clusters of cells that varied in number of cells per cluster, suggestive of an origin in either a single or small number of cells that migrated into the intima and subsequently expanded. This would be consistent with the reported clonal expansion of ISM after vascular injury. 40 To examine migration and expansion more carefully, we induced Mef2c deletion with tamoxifen in 3-week-old Mef2c Cdh5EKO mice, examined the aortas 4 and 12 weeks later by en face immunofluorescence, and counted the number of ISM clusters per aorta ( Figure 6A ) and the number of cells per cluster ( Figure 6B ). The number of ISM clusters observed per aorta increased from 4.6±1.3 clusters at 4 weeks to 28.0±4.8 clusters at 12 weeks, as would be expected from ongoing migration ( Figure 6A) . However, the distribution of cells per cluster was the same for 4 and 12 weeks, with a peak frequency of only 2 cells per cluster and half of the clusters at 12 weeks containing 4 or less cells ( Figure 6B ). These data suggest that SM cells migrate into the intima for a substantial time after Mef2c deletion but that proliferation is low, with half of the cells undergoing 2 or fewer cell divisions.
Visualizing the internal elastic lamina with Alexa Fluor 633 hydrazine 41, 42 and nuclei with DAPI (4',6-diamidino-2-phenylindole) facilitated identifying migrating SM through visualizing nuclei passing through the internal elastic lamina of Mef2c
Cdh5EKO mice. This showed that SM cells migrated through pores in the internal elastic lamina ( Figure 6C ) that were of similar size and structure as the fenestrations through which myoendothelial junctions form. 41, 43, 44 This prompted us to investigate whether SM similarly migrates through fenestrations in a mouse model of vascular injury. 7, 45 To test this, we ligated the left common carotid artery of mice and examined migration by en face 10 days after ligation. As with Mef2c deletion, ligation of the carotid artery caused migration of SM through fenestrations in the internal elastic lamina ( Figure 6D ). Thus, endothelial deletion of Mef2c or disrupting blood flow both caused transfenestral SM migration.
Transcriptome Analysis to Identify Mef2c-Dependent Genes
To identify Mef2c-dependent genes in the endothelium that regulate SM migration, we performed transcriptome analysis with the GeneChip Mouse Transcriptome Assay 1.0 (Affymetrix). We identified only 37 differentially expressed genes using a cutoff of 1.8-fold change and P<0.05. A mechanistically promising differentially expressed gene is the neuronal guidance molecule, Sema3d (semaphorin 3d). Decreased WT aortic inner curvature (left) and Mef2c
Tie2EKO thoracic aorta (right) were subjected to en face preparation, immunostained with Myh11 (myosin heavy chain-11; A), Acta2 (smooth muscle alpha actin-2; B), and S100a4 (S100 calcium binding protein A4; C) with colabeling of endothelium (PECAM-1 [platelet and endothelial cell adhesion molecule-1]) and F-actin (phalloidin). D, Aortic inner curvature and thoracic aorta from Mef2c
Tie2EKO Rosa26
Tomato where endothelial and hematopoietic-derived cells were labeled with tdTomato were subjected to en face preparation and colabeling of endothelium (PECAM-1; D) or smooth muscle (Myh11; E) and F-actin (phallodin). Confocal z-series were acquired, and representative y-plane images were shown (n≥4). Mef2c indicates myocyte enhancer factor 2c. 
Discussion
Endothelial-specific deletion of Mef2c revealed that it regulates the endothelial actin cytoskeleton and migration of SM into the intima. In vitro, knockdown of Mef2c caused MLC phosphorylation and ASF formation in a ROCK-dependent manner. Interestingly, knockdown also led to junctional disassembly, resulting in increased permeability that was not ROCK dependent, suggesting a separate pathway for junctional regulation (Figure 1) . In vivo deletion also resulted in ASF formation and MLC and FAK phosphorylation, but did not alter endothelial junctions or increase aortic permeability (Figure 2 ; Figure IV in the online-only Data Supplement). These differences with the in vitro results for the junctional role of Mef2c could reflect in vivo compensation by the other MEF2 proteins or the distinct environments of blood vessels and in vitro culture. Compensation may also explain the unchanged expression of presumptive Mef2 targets (Klf2, Klf4) by Mef2c deletion ( Figure VII in the online-only Data Supplement). Although determining the mechanism by which Mef2c regulates the cytoskeleton will require further research, a cytoskeletal role of Mef2c may relate to the structure of the cytoskeleton in DF regions, which exhibited enhanced actin cytoskeleton, stress fibers, and permeability (Figures III and IV in the onlineonly Data Supplement). Because Mef2c is less active under DF, 23, 24 we speculate that Mef2c-dependent genes regulating the cytoskeleton under LF are downregulated in DF regions to contribute to the cytoskeletal phenotype of these regions.
Another similarity between DF regions and Mef2c deletion is expression of BMP4 and EIIIA-FN. [37] [38] [39] These differ in that endothelial-specific deletion of Mef2c in itself does not cause induction of these genes, which were only induced where there is contact between the Mef2c-deleted endothelium and ISM ( Figure 5 ). This indicates that interaction between ECs and the subjacent ISM may induce these genes in addition to DF. Whether these changes would promote atherosclerotic lesion development is an interesting question for further research.
A role for endothelial Mef2c in SM migration into the intima is a major result revealed by Mef2c deletion. Another finding is that Mef2c deletion causes SM cells migration through pores in the internal elastic lamina that are of the same size and structure as preexisting fenestrations ( Figure 6C ). 43 We also observed transfenestral migration in the carotid artery after carotid ligation ( Figure 6D ), and it has been reported in macaque iliac artery denuded of endothelium, 49 suggesting a similar mode of migration whether the endothelium is dysfunctional or removed. We speculate that the difficulty of migrating through small fenestrations may at least partially explain the small number of neointimal progenitor cells in mouse models. 40 However, this cannot be the sole reason because we observed large numbers of fenestrations not associated with ISM. Interestingly, the size of fenestrations is such that migration through them would require nuclear envelope breakage to allow nuclear passage and possibly induce DNA damage. 50 It is interesting to speculate that nuclear envelope Tomato mice (C) and left carotid arteries of wild-type mice 10 days postligation (D) were processed for en face preparation and labeled for elastin (hydrazine), F-actin (phalloidin), and nuclei (DAPI [4',6-diamidino-2-phenylindole]). Confocal z-series were acquired, and representative z-series were 3-dimensional (3D) rendered (Imaris, Bitplane; n=7 for Mef2c
Cdh5EKO thoracic aorta and n=5 for wild-type ligated carotid). The identity of the nuclei was determined by colocalization with tdTomato signal (endothelium nuclei, blue), colocalization with F-actin (not shown in rendering) but above the internal elastin lamina (intimal smooth muscle cell nuclei, red), or underneath the internal elastin lamina (media smooth muscle nuclei, purple).
breakage during passage through fenestrations could in itself lead to changes in gene expression that affect the differentiation state of neointimal SM cells.
ISM produced by postnatal Mef2c deletion through Cdh5-Cre-ER T2 seems to replicate at a lower rate than ISM arising from injury such as carotid ligation, in that the most frequent number of cells in an ISM cluster is only 2 even 12 weeks after inducing deletion ( Figure 6B ). However, deletion with Tie2-Cre produced much more extensive ISM coverage, with an average of 24% coverage and large ISM clusters ( Figure 3F ). This is probably a consequence of embryonic deletion when cells are highly proliferative. For both Cre lines, these cells retain SM markers such as Myh11 that are usually downregulated in neointimal SM, indicating that these cells are differentiated SM (Figure 4) . Thus, endothelial Mef2c deletion separates SM migration from differentiation and proliferation. As such, endothelial deletion of Mef2c provides a novel model system to explore events in SM differentiation and proliferation after migration into the intima.
At first consideration, the relatively small number of ISM cells produced by postnatal Mef2c deletion ( Figure 6A and 6B) would not seem to be relevant to vascular disease where the neointima is composed of thousands of cells. However, a recent publication of an elegant clonal analysis of neointimal cells shows that only a small number of cells produce the neointima through extensive clonal replication in murine atherosclerotic plaques or after carotid ligation. 40 The numbers of individual ISM clusters produced by Mef2c deletion ( Figure 6A ) was of similar or greater magnitude to the number of progenitor cells in an atherosclerotic lesion or carotid neointima and would, thus, be sufficient to produce an extensive neointima if these ISM cells were highly proliferative as in the carotid neointima, where the median clonal patch size is 435 cells 4 weeks after injury. 40 By contrast, Mef2c deletion produces intimal cell clusters with a median of 4.5 cells after 12 weeks ( Figure 6B) . We, therefore, speculate that endothelial Mef2c activity may be reduced in vascular disease to permit SM migration into the intima but that additional factors regulate proliferation of these ISM cells.
Based on our results and published reports, we propose (Figure VIII in the online-only Data Supplement) that Mef2c functions as an endothelial transcriptional activator to suppress SM migration in LF regions, whereas in DF regions, Mef2c activity is repressed to permit SM migration. How might endothelial Mef2c regulate SM migration? A possible mechanism is through reduced expression of Sema3d, which is decreased in both Mef2c
Cdh5EKO and Mef2c
Tie2EKO
(GEO accession number GSE97089; Figure VII in onlineonly Data Supplement). It is a secreted, repulsive molecule for neurons, ECs, and other cell types that signals through 2 neuropilin coreceptors (Nrp1 and Nrp2) in combination with any of 4 plexin A receptors. [51] [52] [53] Interestingly, the neuropilin receptors are in SM where they are coreceptors for Pdgfβ (platelet-derived growth factor receptor beta) and required for neointimal formation. [54] [55] [56] Therefore, Sema3d may prevent SM migration into the intima either directly by repulsion through Nrp/Plxna (neuropilin/plexin A) signaling or indirectly through inhibiting Pdgfb signaling by competition with neuropilin/Pdgfβ, similar to how Sema3f interferes with VEGF (vascular endothelial growth factor) signaling. 57 We hypothesize that reduced Sema3d caused by Mef2c deletion reduces this inhibition to allow SM migration.
